Abstract. Integrin-linked kinase (ILK) localizes at focal adhesion sites, plays an important role in cell-matrix interactions and is involved in the regulation of tumor cell growth and migration. The aim of the present study was to clarify the functional characterization of ILK in prostate cancer (PCa) cells. ILK was shown to be overexpressed in 57.1% (36/63) of PCa samples and 18.2% (2/11) of benign prostatic hyperplasia (BPH) samples using immunohistochemical analysis. DU145 PCa cells knocked down for ILK were examined using western blot analysis, proliferation assay, flow cytometry and wound healing assay. Depletion of ILK significantly impaired cell growth and motility, induced apoptosis in vitro, and delayed xenograft tumor proliferation in nude mice, which were important for oncogenesis and tumor progression. Western blot analysis showed that Akt activity was attenuated in ILK-depleted cells compared with the control cells. These results indicate that ILK knockdown attenuates the biological behavior of PCa cells by decreasing Akt activity, demonstrating that ILK is involved in the development and progression of PCa. Thus, ILK is suggested to serve as a potential therapeutic target for PCa.
Introduction
Prostate cancer (PCa) is the most common malignancy and the second leading cause of cancer-related mortality among males in the United States (1). The recommended treatment for patients with progressive carcinoma of the prostate is hormone ablation achieved by surgical or pharmacological castration (2) . Most patients initially respond well to this treatment; however, they inevitably relapse and develop an incurable castration-resistant condition within a few years (3) . PCa involves highly complicated and heterogeneous tumors resulting from the aberrant activation of several important signaling pathways. Understanding the molecular mechanisms underlying PCa is of utmost importance in the investigation of novel therapeutic strategies.
The ILK gene is located on human chromosome 11 (4), encoding a protein which is composed of three major domains: an N-terminal ankyrin repeat domain, a middle pleckstrin homology (PH) domain and a C-terminal kinase domain (5) . This gene is expressed as a serine/threonine (Ser/Thr) protein kinase, a binding partner of β1 and β3 integrin subunit, which is a cytoplasmic effector of integrin receptors, and constitutes a functional link between them and the actin cytoskeleton (6) . ILK expression and its oncogenic potential have been studied in various malignancies including ovarian, colon, hepatocellular, laryngeal and bladder cancer (7) (8) (9) (10) (11) (12) (13) . Previous studies have shown higher ILK expression levels in primary PCa cells compared with adjacent benign prostatic hyperplasia (BPH) cells (14) . However, the functional characterization of ILK in PCa and its potential in vivo downstream effectors still remain to be elucidated.
The aim of the present study was to clarify the functional characterization of ILK in PCa. Therefore, ILK-mediated PCa tumorigenesis was investigated through the determination of ILK expression in human PCa tumor samples, and its role in vitro and in vivo was evaluated. Protein extraction and western blot analysis. Total cellular protein (30 µg) was fractionated on sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and transferred onto nitrocellulose membranes (Amersham Pharmacia Biotech, Inc., Piscataway, NJ, USA). The blots were blocked and incubated with the indicated specific primary antibody. After incubation with the secondary antibody, the signal was visualized using the ECL Western Blot kit and exposed to film (Kodak, Rochester, NY, USA). β-actin was used as an internal control by incubating a specific antibody against β-actin (Sigma, St. Louis, MO, USA).
Materials and methods

Chemicals
Proliferation assay. Cell viability was assessed using the MTT assay. Briefly, transfected DU145 cells were plated at a density of 1x10 3 cells/ml in 96-well plates. After 48 h, 10 µl MTT was added to each well. After 4 h of incubation at 37˚C, the solution was discarded and the produced formazan was solubilized in 100 µl of dimethyl sulfoxide (DMSO). Absorbance was measured at 570 nm using an automated microplate reader (Bio-Rad 550; Bio-Rad, Hercules, CA, USA). All the experiments were performed in triplicate.
Flow cytometric analysis of apoptosis. The collected cells were washed twice with ice-cold phosphate-buffered saline (PBS) and centrifuged at 150 x g for 5 min. Supernatants were discarded and the cells were resuspended in 300 µl binding buffer. Five microliters of FITC-conjugated Annexin V (10 mg/ml) and 10 µl of propidium iodide (PI; 50 mg/ml) were added and the mixtures were incubated for 15 min at room temperature in the dark. The samples were then immediately analyzed using fluorescence-activated cell sorting (FACS). The cells (1x10 4 ) were collected and the percentage of apoptotic cells was recorded.
Wound healing assay. Cell mobility was assessed using a scratch wound assay. Transfected cells were cultured in a 6-well plate until confluent. The cell layer was carefully wounded using sterile tips and washed twice with fresh medium. Following incubation for 0, 12 and 24 h, the cells were imaged at low magnification (x40). The experiments were performed in triplicate.
Xenograft assay in nude mice. To confirm the effect of downregulated ILK on tumorigenicity in vivo, ILK shRNAor vector-transfected DU145 cells were resuspended in PBS (pH 7.4), mixed with 1X Matrigel (BD Biosciences, Palo Alto, CA, USA), and subcutaneously injected (5x10 6 /injection) into the left flanks of male athymic BALB/c nu/nu nude mice (4-6 weeks old; purchased from Vital River Laboratories, Ltd., Beijing, China). The mice were sacrificed 4 weeks after the injection. Tumor volume was calculated using the following formula: Volume = width 2 x length x 0.5236. Animal-based experiments were approved by the Peking University Animal Care and Use Committee (Beijing, China) and performed in accordance with accepted standards of humane animal care.
Statistical analysis. All statistical analysis was performed using the Statistical Package of the Social Sciences (SPSS) software version 16.0. Data are shown as the mean ± SEM. Student's t-test was used to determine statistical differences and P<0.05 was considered to indicate a statistically significant difference.
Results
ILK expression in PCa and BPH tissues.
A total of 74 tissue samples were analyzed. ILK expression was detected in the cytoplasm of PCa cells (Fig. 1) . Similar to the results of a previous study (14) , ILK was expressed in 57.1% (36/63) of the PCa samples and 18.2% (2/11) of the BPH samples, indicating that ILK expression levels were significantly higher in tumor tissues compared with BPH tissues (P=0.017; Table I ). However, in contrast to previously reported results (14) , ILK expression was not correlated with the tumor grade of PCa, although there was a moderate increasing percentage among the tissues with a different Gleason score (Table I) .
Effects of ILK knockdown on PCa cell growth, migration and
apoptosis. An effective way of elucidating the physiological role of ILK in PCa cells is to inhibit the endogenous expression of ILK. Efficient knockdown of ILK expression was achieved by the successful delivery and expression of shRNA targeting ILK into cells. Forty-eight hours after transfection with ILK shRNA, ILK expression was significantly decreased in DU145 cells compared with the control cells (Fig. 2) . To assess the effects of ILK silencing on the growth of DU145 cells, cell viability was assessed using the MTT assay. ILK silencing was found to have significant inhibitory effects on the proliferation of ILK shRNA-transfected cells compared with the empty vector-transfected cells (Fig. 3) . Additionally, wound healing assay was performed in the two groups of cells. ILK-depleted cells spread along the wound edges were characterized by slower migration compared with the vector-transfected cells at 12 or 24 h, indicating that inhibition of ILK suppressed tumor cell migration (Fig. 4) . Moreover, ILK-depleted cells and control cells were doublestained with Annexin V and PI, followed by flow cytometric analysis. An increased apoptosis rate was observed in ILK shRNA-transfected DU145 cells compared with the control cells, following RNA interference treatment for 48 h (Fig. 5) . Taken together, these findings provide evidence A total of 63 PCa specimens were analyzed; 57.1% of the PCa specimens examined were positively stained for ILK, while ILK expression in most of the BPH tissues (9/11) was either absent or weak. The difference between PCa and BPH tissues was significant (P=0.017). The rate of positively stained PCa tissues moderately increased with inceasing Gleason score (52.9, 54.8 and 66.7%, respectively), but no statistical significance was observed. ILK, integrin-linked kinase; BPH, benign prostatic hyperplasia; PCa, prostate cancer.
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that ILK silencing attenuates migration, proliferation and survival of PCa cells.
Effect of ILK knockdown on the downstream Akt pathway.
ILK is a multifunctional intracellular effector of cell-matrix interactions, which is involved in cancer cell growth and survival through modulation of downstream targets, notably Akt, which plays a role in determining cell behavior with regards to proliferation, migration and survival (7, 16) . In order to determine whether Akt activity is decreased following ILK suppression in PCa cells, the phosphorylated Akt and its downstream molecule were detected by western blot analysis. Phosphorylated Akt was found to be significantly decreased combined with the downregulation of cyclin D1, which is one of the most important proteins in tumor progression (Fig. 6) .
Effect of ILK knockdown on PCa growth in vivo.
The effects of ILK depletion on PCa xenograft growth were assessed in vivo. ILK shRNA or vector were transfected ex vivo into DU145 cells. The cells were subsequently implanted in the subcutaneous layer of immunodeficient mice (n=10) and tumor sizes were measured after 4 weeks. ILK shRNA-transfected cells generated xenografts (19.0±1.1 mm 3 ) that were significantly smaller compared with control vector-transfected xenografts (153.4±8.0 mm 3 ; P<0.05; Fig. 7) .
Discussion
Interaction between cell-cell and cell-extracellular matrix, often triggered through the signals mediated by integrin and growth factor receptors, controls the growth, differentiation, migration and apoptosis of cells (6, 17, 18) . ILK is a cellular signaling protein with Ser/Thr protein kinase activity, and is involved in the formation of the signaling coupling complex of integrin and growth factor receptor (7). Due to its relevance to these receptors, ILK participates in the regulation of basic cell functions, such as the interaction between cell and extracellular matrix, and intracellular proliferation signaling. Thus, minor alterations in ILK expression or activity, could result in changes of the corresponding signaling pathway and the subsequent cell cycle, and may cause abnormal cell growth and proliferation, leading to tumor formation (19, 20) .
ILK expression has been found to be increased in many types of human cancer (11) . Previous studies have demonstrated that ILK expression is also positively correlated with tumor grade and inversely correlated with the 5-year patient survival rate (14) . In the present study, 63 PCa and 11 BHP samples were subjected to immunohistochemical analysis to assess the levels of ILK in tumorous and BPH tissues. ILK was found to be overexpressed in >40% of tumorous prostate tissues compared with BPH tissues. The positive rate of ILK expression in PCa tissues increased with the increasing Gleason score, although the difference was not statistically significant. These results suggest that ILK plays a role in the development and progression of PCa.
Despite the fact that the potential significance of ILK in prostatic carcinogenesis has been previously reported, the functional role of ILK in advanced PCa and the associated pathways have yet to be fully elucidated. It has been demonstrated that siRNA ILK and other small-molecule ILK inhibitors inhibit proliferation and induce apoptosis in breast cancer cells, melanoma and acute myeloid leukemia stem cells (12, 13, 21) . The effects of ILK knockdown on the growth, migration and apoptosis of PCa cells should be further investigated. In the present study, endogenous ILK expression was silenced in the PCa cell line DU145 using specific shRNA. The properties of the ILK-depleted cells were then analyzed and compared with those of control vector-transfected cells using various functional assays. ILK knockdown was found to suppress cell proliferation and to induce PCa cell apoptosis.
In addition, cell motility was also impeded by ILK depletion. The present study provides the first evidence regarding the functional loss of ILK expression in vivo. PCa cells with suppressed ILK expression displayed a reduced ability to form tumors in nude mice. These observations provide direct evidence that ILK has a critical role in the initiation phase of androgen-insensitive prostate tumor induction.
The exact mechanism of ILK knockdown in inhibiting PCa cell growth and inducing apoptosis has yet to be elucidated. Akt, phosphorylation of which at the serine 473 position by ILK in a phosphatidylinositol 3-kinase (PI3K)-dependent manner, has been reported to be the main downstream player in ILK signaling pathway (19) , while persistent activation of the Akt signaling cascade is prominent in various types of human cancer. Thus, depletion of ILK expression or activity could slow down the progression of several types of cancer, that may be involved in the Akt pathway. A previous study has shown that inhibition of ILK could also suppress the activation of Akt in PTEN-mutant prostate cancer cells (20) . Activated Akt phosphorylates or regulates a number of cellular proteins that are implicated in tumorigenesis and motility (22) . In the present study, we showed that blockade of the ILK pathway In summary, the present study showed that ILK is overexpressed in human PCa. ILK silencing significantly attenuates PCa tumorigenicity as assessed by western blot analysis, proliferation assay, flow cytometry and wound healing assay in vitro, and using a xenograft model in vivo. ILK knockdown is suggested to inhibit the biological behavior of advanced PCa cells through attenuating Akt activity. The present preliminary study provides the first direct evidence regarding a potential association of ILK knockdown with antitumor progression. Although further investigation and validation is needed concerning the underlying mechanisms of ILK depletion affecting PCa progression, ILK is suggested to be a potential therapeutic target for PCa.
